The ARSIS concept is meant to increase the spatial resolution of an image without modification of its spectral contents by merging structures extracted from a higher resolution image of the same scene but in a different spectral band. It makes use of wavelet transforms and multiresolution analysis. It is currently applied in an operational way with dyadic wavelet transforms that limit the merging of images whose ratio of their resolution is a power of two.
INTRODUCTION
Many thematic applications using remotely sensed multispectral images come up against the limit of their relatively low spatial resolution. The ARSIS concept, French acronym for "Amelioration de la Résolution Spatiale par Injection de Structures", provides a solution to this issue (Mangolini et al. 1992 . Indeed, the original principle of the ARSIS concept is to merge two images, one having interesting spectral characteristics, the other a better spatial resolution. The result image combines both properties, i.e. the best resolution without altering the spectral contents of the image. More precisely, thanks to multiresolution analysis provided by wavelet transform, the ARSIS concept enables to increase the spatial resolution of an image without modification of its spectral content by merging structures extracted from a higher resolution image of the same scene.
Nowadays, this concept is operationally applied with dyadic wavelet transforms (i.e. ratio of resolution is 1/2). For example, it has been put into practice on SPOT data. The image products corresponding to each 20 m resolution spectral channel of SPOT -XS 1 , XS 2 , and XS 3 are merged with the 10 m Panchromatic image to synthesize a 10 m resolution for each channel called XS-HR. For more information about the ARSIS concept and its operational application on SPOT data, see .
However, the use of dyadic wavelet transform within the ARSIS concept limits the merging of images with a resolution ratio equal to a power of two (for example, SPOT P and XS, Landsat TM and TM 6 , SPOT P, XS and Landsat MSS, SPOT 4 B2 and B1-B3-MIR, SPOT 5, etc.) . Very good results were also attained in cases where this ratio is close to a power of two, as for instance KVR-1000 and SPOT P or XS (Ranchin, Wald 1996) . In order to enable this general concept of merging to be put into application in a more general case, it could be interesting to use non dyadic wavelet transform within a multiresolution analysis. Blu (1993-a-b) proposes a method to synthesize rational filter banks that, under some conditions, provide an approximation of certain rational wavelet transforms. Those rational filter banks could enable a more general merging than dyadic wavelet transform: indeed, in theory, the ratio of the resolution of the images to merge is a power of a certain family of rational number. But we will see later that there is a limitation on the choice of this rational number.
Therefore, this article presents the study of the use of those filter banks as an approximation of rational wavelet transform within the ARSIS concept. This work relies on a particular case: the merging of a 10 m SPOT Panchromatic image and a 30 m Landsat Thematic Mapper (TM) multispectral image in order to synthesize 10 m multispectral image called TM-HR.
After a description of the study area and the corresponding data from SPOT and Landsat, a short overview is made on rational filter banks and their link with rational wavelet transforms. Then, to assess the efficiency of those filter banks applied in ARSIS, we present an example of merging of a 10 m SPOT Panchromatic image and a 30 m Landsat TM multispectral image. Two approaches were conducted which both used a 2/3 filter bank in ARSIS. Then these two approaches were compared to other approaches that made use of a bicubic interpolation with resampling rate of either 2/3 or 3/2, combined with a dyadic wavelet transform within ARSIS. The study of this particular case will enable us to draw some conclusions on the usefulness of rational filter banks within the ARSIS concept.
THE STUDY AREA
The study area for the SPOT-Landsat merging is located in the southeast of France, close to Marseille (France). It is composed of small cities: Berre l'Etang, Rognac, Vitrolles and La Fare les Oliviers, and of rural landscape. The scene is approximately located between 5°05' and 5°15' E in longitude and 43°27' and 43°33' N in latitude and the total area is about 235 sq. km. The rural land in the left hand of the scene is mainly composed by agricultural production (vine). The land extremity into the pond of Berre is a salt marsh. Forest, brushwood and salt marshes are other land-cover types found in the rural area. A Landsat TM multispectral image (spectral bands TM 1 , TM 2 , TM 3 , TM 4 and TM The ARSIS concept consists in a merging « pixel to pixel » of the SPOT Panchromatic and the Landsat TM images. Therefore those images have to be superimposed. In order to keep the high frequencies of the Panchromatic image, the Landsat TM images have been resampled using bicubic interpolation. In other words, the SPOT image is subsampled at the resolution of the Landsat images and is the reference for the geometric registration. Nineteen control points have been visually pointed out and a polynomial distortion model was then computed and applied to the multispectral image. The root mean square errors are about 0.37 pixel in the X-direction and 0.31 pixel in the Y-direction.
DATA DESCRIPTION AND DATA PREPROCESSING

RATIONAL FILTER BANKS AND WAVELET TRANSFORMS
The purpose of this section is to present a short overview of the rational filter banks structure and their link with discrete wavelet transforms. Blu (1993-a) showed that, under some conditions, twoband iterated filter banks with rational rate change p/q can be used to approximate very closely samples of discrete wavelet transform with the same rational dilation factor. More precisely, the structure of rational filter banks is similar to the dyadic filter banks which provide wavelet analysis of the input signal: this general structure is shown in Figure 3 . Those filter banks are composed of an iterated low-pass branch and a high-pass branch between two consecutive low-pass branches. The description of the design procedure of the rational lossless finite impulse response (F.I.R.) low-pass and high-pass filters is given in Blu (1993-b) .
The dyadic case is obtained with p=1 and q=2. In this case, the high-pass branch outputs are samples of discrete dyadic wavelet transform. In the rational case, this is no longer true. It still could be seen as a kind of multiresolution analysis but the decomposition of the signal is not plainly made on dilated and shifted versions of a single function (the wavelet). Nevertheless, when p=q-1, Blu (1993-a) proved that the difference between the high-pass outputs and the samples of a corresponding rational discrete wavelet transform can be reduced by the selection of suitable parameters in the filters design, so that the iterated rational filter bank can generate a good approximation of a wavelet transform.
As a conclusion, we presently have an approximation of a discrete wavelet transform with a rational dilation factor (q-1)/q at our disposal. The extension of the use of those iterated rational filter banks to image processing is easily done following (Mallat 1989) .
For example, when p=2 and q=3, the rational filter bank described by Blu provides an approximation of 2/3 wavelet transform. At each step of the 2/3 wavelet transform, that is to say at each scale, a context image whose resolution is equal to the resolution of the previous context image multiplied by 3/2 is calculated as well as three sets of wavelet coefficients describing the geometric structures in three directions: vertical, horizontal and diagonal. Such a representation of the information in remote sensing has been discussed . Figure 4 illustrates one iteration of the 2/3 wavelet transform.
We have to notice that the suitable parameters for a good approximation of the wavelet transform lead to a number of coefficients of the filters much greater than in the dyadic case. The low-pass and the high-pass filters to be applied have impulsional responses having respectively 21 and 11 coefficients, which correspond to a width of respectively 21 and 11 pixels.
COMPUTING THE TM-HR
Our aim is to synthesize a 10 m multispectral TM-HR image corresponding to the spectral bands TM 1 , ..., TM 5 from the merging of a 10 m SPOT Panchromatic image and a 30 m Landsat TM multispectral image of the same geographical area. The ratio of their resolution is 1/3. It is the reason why ARSIS with dyadic wavelet transform cannot be applied in this case. Moreover, we assume, for the synthesis of a filter bank with a rational rate change p/q, that p=q-1. In other words, the 1/3 wavelet transform cannot be approximated by a rational filter bank. Therefore, two ways exist to synthesize the TM-HR multispectral image with ARSIS. In one way, the 2/3 filter bank can be used, in the other, it is replaced by a bicubic interpolation. For each way, because 1 3 1 2 2 3 / / / = × or 1 3 2 3 1 2 / / / = × , two possibilities exist : either the dyadic wavelet transform is applied first or last.
The first way consists in using ARSIS with a 2/3 filter bank. Within the first way, there are two possible approaches:
• This second way consists in using a bicubic interpolation in order to circumvent the fact that the ratio of resolutions (i.e. 10 m and 30 m) is not a power of two. There are also two possible approaches:
• ARSIS 1/3 #3: the 30 m Landsat TM image is enhanced to 20 m by the use of a bicubic interpolation with resampling rate 2/3. Then the 10 m TM-HR image is synthesized from the 10 m SPOT Panchromatic and the synthesized 20 m Landsat TM image through ARSIS with a dyadic wavelet transform. The ARSIS 1/3 #3 approach is illustrated in Figure 6 .
• ARSIS 1/3 #4: the 30 m Landsat TM image is resampled using the 2/3 wavelet transform to generate a 40 m TM image. Then ARSIS with a dyadic wavelet transform is applied twice to synthesize the 10 m TM-HR. One can already see that ARSIS 1/3 #4 will provide poorer results than ARSIS 1/3 #3 because of the degradation of the original information prior to merging. Hence this approach is not studied any
further. The study also shows that ARSIS 1/3 #2 gives poorer results than ARSIS 1/3 #1, and for the sake of clarity of the article, the ARSIS 1/3 #2 approach is not discussed any longer.
QUALITY ASSESSMENT OF THE SYNTHESIZED IMAGES
These different approaches -ARSIS 1/3 #1 and ARSIS 1/3 #3 -generate two sets of synthetic enhanced multispectral images. The quality of these sets is assessed by the mean of the protocol established by Mangolini et al. (1995) and Wald et al. (1997) . . Figure 7 illustrates the protocol of the quality assessment of the different approaches.
Additionally, another approach is used to compute such enhanced images: the bicubic interpolation whose resampling rate is equal to 3. In fact, this approach does not belong to a merging scheme. That is to say that, in this approach, there is no structure injection from the 30 m SPOT Panchromatic. This additional computation is meant to assess, by comparison, the relevance of the different ARSIS mergings for the different spectral bands. All those images are then compared visually as well as on a pixel basis to the original TM images.
The quality of the synthesized images is firstly analyzed by a visual inspection of the 30 m TM Figure 8 . In other words, ARSIS 1/3 #1 approach provides a better visual enhancement than the ARSIS 1/3 #3 approach. However, the TM 1 * #1 image presents several "wave like" artifacts near radiometric discontinuities in the image. It is clearly visible in the upper left part of the image (a) in Figure 8 and less important in the image (b). Those "vibrations" are due to Gibbs effects. The greater the number of coefficients of the filters used for the decomposition, the more important and visible these effects. It is the reason why the ARSIS concept applied with the 2/3 filter bank generates more artifacts near discontinuities than the approaches using only dyadic transforms.
The protocol for quality assessment also makes use of quantities. The original and synthesized 30 m images are compared numerically by computing their difference (original minus synthesized images) and their correlation. Ideally, the synthesized 30 m image should be similar to the original image , so that the difference should be null and correlation coefficient sould be 1. Several quantities are used to describe the discrepancies, and are described further. The quality assessment can be applied to the entire scene, and also to selected sub-scenes, such as that depicted in Figure 9a . This sub-scene is mainly composed of brushwood and forest and is crossed by a river (l'Arc). This zone is not very homogeneous and is composed of very thin structures. For the sake of brevity, only the study of the spectral bands TM 1 , TM 2 and TM 5 is discussed because they are representative of all the important phenomena that have to be commented. We also do not present all the quantities computed to assess the performance of each approach. Some statistical characteristics for this sub-region are given in Table 1 . We notice that, according to the homogeneity coefficient and the entropy measure, the TM 5 image is less homogeneous than the two others. results (less blurred) than ARSIS 1/3 #3: indeed, the first approach enables a better use of the structural information contained in SPOT Panchromatic than the latter one that calls partly upon interpolation (no structure introduced).
In Table 2 to 4 are given the different quantities used to describe the discrepanciesbetween the original and synthesized images:
• The bias is the mean of the difference between the synthesized and the original image. The second value is the relative bias i.e. the ratio between the bias and the mean of the original value. The closer the value to 0, the more similar the two images.
• The difference of variances (variance of the original image minus the variance of the synthesized image) and its relative value to the variance of the original image. This value is a measure, to some extent, of the quantity of information added or lost during the enhancement of the resolution. For an approach that provides too much information (information may be noise or artifacts) the difference is negative. In the opposite case, this value is positive. Ideally, this difference should be null.
• The coefficient of correlation between the original and the synthesized images shows the similarity between those images. It should be as close to 1 as possible.
• The standard deviation of the difference, and its relative value to the mean of the original image, globally indicates the level of pixel error. Ideally, they should be null.
This statistical comparison written on the above tables conjures up some comments. In the first place, it is observable that, owing to difference of variances, the bicubic interpolation approach suffers from a lack of information injection (about 15 %). This fact was foreseeable: indeed, this approach does not belong to a merging process and is in fact a resampling, i.e. a reorganization of the information from the 90 m TM images. But for the TM 5 channel, a similar observation is made for the ARSIS 1/3 #3
approach. There is a lake of information injection between 2% and 5 %. This approach makes use of both bicubic interpolation to fill the gap between 60 m and 90 m and information from higher resolution (from 30 m and 60 m) of the degraded 60 m SPOT Panchromatic image. Hence the lack of information can be partially explained by the fact that there is no injection of structure between 60 m and 90 m. On the other hand, the ARSIS 1/3 #1 approach notably increases the amount of information (about 25 %). This increase of the variance which may prtly be due to noise is, to some extent, due to Gibbs effects.
In the second place, the ARSIS 1/3 #1 approach provides better results for bias, standard deviation and correlation coefficient criteria for the spectral channels TM 1 , TM 2 and TM 3 . For the spectral bands TM 4 and TM 5 , the best approach is obviously ARSIS 1/3 #3. This behavior of ARSIS 1/3 #1 can partly be explained by the fact that the spatial structures in the first three channels are more correlated with those from Spot Panchromatic than TM 4 and TM 5 (see the correlation coefficients given in the second column of Table 5 ). In other words, this lack of correlation between the Panchromatic image and the TM 4 and TM 5 spectral bands decreases the quality of the result of the approach that obviously needs a sufficient level of spatial correlation. In addition, we see in Table 1 that the TM 5 channel (and also the TM 4 image) is less homogeneous than the TM 1 and TM 2 . It follows that the Gibbs effect which degrades the quality of the ARSIS 1/3 #1 is more likely important for the two last spectral bands.
Finally, Table 5 gives the correlation coefficient for the different spectral bands and for the original and the synthesized images. This table enables one to measure the increase of the dependence of the synthesized images upon the SPOT Panchromatic image and the inter-dependence between the synthesized images. As a whole, the merging approaches preserves the correlation coefficient within the data set. ARSIS 1/3 #1 increases the dependence of the synthesized images upon the SPOT image as well as upon the spectral band TM 5 . This is due to a too large injection of structures from the Panchromatic image into the TM * images. The approach ARSIS 1/3 #3 better preserves the correlation coefficient but at the expense of too much blurred images: in this case, not enough structures have been injected. Finally, the bicubic approach offers the worst preservation of the correlation coefficient because no structure at all is injected. However, for the same reason, it preserves fairly well the correlation between the TM spectral bands.
DISCUSSION
The quality of the ARSIS merging of Landsat TM multispectral with SPOT Panchromatic reveals less satisfactory then the quality obtained in the case of SPOT XS and Panchromatic images (e.g. Mangolini et al. 1995) . This is true for visual and quantitative aspects, with and without the use of 2/3 filter bank Before drawing conclusions on the relevance of the use of rational filter banks within ARSIS concept, we examine the different reasons that could explain, regardless of those filters, the fairly bad results of the Landsat TM and SPOT Panchromatic merging.
Firstly, this could be explained partly by the fact that the images to merge are not perfectly coregistered and thus are not perfectly superimposable. But if we consider the case of SPOT XS and Panchromatic merging, very good results were attained even if those images are not perfectly coregistered. Hence these registration errors only degrade locally the quality of the merging, provided they are kept small. They do not explain the overall bad result.
Secondly, we could explain the bad results by the fact that the spectral redundancy between XS 1 , XS 2 , XS 3 and Panchromatic is more important than between some channels of Landsat TM and SPOT Panchromatic. But the merging of TM 6 (around 11.5 µm) and TM 7 (around 2.2 µm) described in Mangolini et al. (1992) provides results almost similar to the SPOT XS and Panchromatic merging.
Thus it proves that the quality of ARSIS merging is nearly independent of the spectral characteristics of the images to merge and, in fact, depends on their local structure correlation. Therefore this lack of structure correlation only leads to local degradation of the quality and still does not explain the bad results.
The same comment applies when considering the time gap of the images to merge: in Mangolini et al. (1995) and Ranchin, Wald (1996) , it is shown that the ARSIS merging is nearly independent of the time gap because it generally leads to very local and scarce differences.
From the discussion and regardless of the influence of the rational filter bank, two main explanations arise for these bad results:
• on the one hand, the larger resolution gap between the images to merge: in our case, the ratio of the resolution is 1/3 whereas, in the case SPOT XS and Panchromatic, the ratio is ½ ;
• on the other hand, the fairly bad quality of the Landsat images that are more noisy than the SPOT XS images.
The study shows that, even if the ARSIS 1/3 #1 approach using the 2/3 filter bank can provide, under some conditions, better results than the other approaches, the quality of the merging is seriously degraded by some artifacts that cannot be entirely explained by the above reasons. These degradations seem to be mostly due to the use of the rational filter bank and raise serious doubts about its efficient application within ARSIS concept. Furthermore, it is maybe too sophisticated to be used in an operational and effective way relative to the benefits attained. We conclude that other ways to generalize the application of the ARSIS concept have to be invented.
The rational filter banks lie within the scope of the research into non-dyadic wavelet transforms like the work of Feauveau on 2 wavelet transform (Feauveau 1990 ). Indeed, they could be useful in other applications in satellite image processing such as structure analysis, because they can provide a large selection of multiresolution analyses that are sharper than dyadic wavelet transform.
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